Prelude {#glia22850-sec-0001}
=======

As we know, the term "stem cell" is among the most disputed definitions and yet everybody knows exactly what it is (Ledford, [2008](#glia22850-bib-0068){ref-type="ref"})---reminiscent of Augustinus\' saying about the "time" (Aurelius Augustinus, Confesiones XI, 14). Therefore, let us start with reviewing the definition of stem cells, then review how these criteria apply to the endogenous neural stem cells (NSCs) from development to adulthood to then proceed how these criteria apply to reactive astrocytes. Then, let us move into the genomic area and consider genome‐wide expression pattern of the different NSCs to further understand the differences and similarities between reactive astrocytes and NSCs.

Introduction {#glia22850-sec-0002}
============

What Is a Stem Cell? {#glia22850-sec-0003}
--------------------

Stem cells are generally defined as cells that can proliferate in an undifferentiated state without obvious signs of change (self‐renewal), but are also able to form specialized cells (differentiation). The prototype examples of this definition are embryonic stem cells (ESCs) that show a virtual unlimited self‐renewal, but can also give rise to all the cells of the embryo proper and are therefore pluripotent (Nagy et al., [1990](#glia22850-bib-0096){ref-type="ref"}). However, albeit the value of ESCs can hardly be overestimated, their limitless expansion *in vitro* is an artifact because their cellular *in vivo* counterparts self‐renew only for a little while as they continuously adopt lineage biases. Thus, ESCs are a prime example of stabilizing a fate *in vitro*, which is rather transient *in vivo* (Wray et al., [2010](#glia22850-bib-0157){ref-type="ref"}; Ying et al., [2008](#glia22850-bib-0159){ref-type="ref"}). Adult hematopoietic stem cells (HSCs) not only generate all descendants of the blood and immune system but can also self‐renew for so long that they can supply several generations of mice with a full hematopoietic system. However, this has been assessed mostly in regeneration assays using transplanted HSCs, while their *in vivo* lineage has only recently been started to elucidate (Busch et al., [2015](#glia22850-bib-0018){ref-type="ref"}). Again, the progeny appears more limited *in vivo*, but certainly comprised still many cell types. There are other stem cells that generate only a single cell type, such as some stem cells in the skin that generate only keratinocytes (Hsu et al., [2014](#glia22850-bib-0058){ref-type="ref"}). Similarly, the term self‐renewal becomes disputed when self‐renewal is limited to a few rounds of divisions. So are these still stem cells and what about NSCs? Do they generate all cells of the nervous system and for how long do they self‐renew?

NSCs During Embryonic Development: Limited Lineage and Self‐Renewal {#glia22850-sec-0004}
-------------------------------------------------------------------

During development of the vertebrate central nervous system (CNS) the first ancestors to appear are the neuroepithelial cells (NECs). They are mostly amplifying the pool of stem and progenitor cells of the CNS initially (Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}) and are certainly at the base of all CNS cell types, including neurons, astrocytes, oligodendrocytes, and ependymal cells (Fig. [1](#glia22850-fig-0001){ref-type="fig"}). However, when the progeny of a single cell is monitored *in vivo*, either by dye labeling, viral vectors, or Cre‐mediated fate mapping, in most cases single NECs generate a single cell type, mostly neurons, with only a minority generating two cell types (1 of 6 ≈ 17% in Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}; Guérout et al., [2014](#glia22850-bib-0053){ref-type="ref"}; Rowitch and Kriegstein, [2010](#glia22850-bib-0128){ref-type="ref"}). An important hallmark of the CNS is its patterning, such that NECs located at different positions express different fate determinants and generate different progeny. For example, expression of the transcription factors Olig2 or Ascl1 in the ventral spinal cord has been shown to regulate the generation of motor neurons first and later the generation of oligodendrocytes (Guérout et al., [2014](#glia22850-bib-0053){ref-type="ref"}; Li et al., [2011](#glia22850-bib-0073){ref-type="ref"}; Takebayashi and Ikenaka, [2015](#glia22850-bib-0147){ref-type="ref"}). However, transplantation experiments, genetic fate mapping, and genetic induction of death of motor neuron progenitors showed that Olig2+ or Ascl1+ motor neuron progenitors are not in the same lineage as the later Olig2+ or Ascl1+ oligodendrocyte progenitor cells (Battiste et al., [2007](#glia22850-bib-0008){ref-type="ref"}; Mukouyama et al., [2006](#glia22850-bib-0095){ref-type="ref"}; Wu et al., [2006](#glia22850-bib-0158){ref-type="ref"}). Thus, even the earliest ancestors of the CNS, the NECs that further share expression of a specific fate determinant transcription factor largely generate only a single cell type *in vivo*. Rather few (about 16.7% in the murine cerebral cortex, see Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}) generate neurons and one type of glia and so far, to our knowledge, no stem cell‐generating neurons, astrocytes, and oligodendrocytes *in vivo* have been observed in the vertebrate CNS (Fig. [1](#glia22850-fig-0001){ref-type="fig"}).

![Distinction between *LINEAGE* and *POTENTIAL* of a single embryonic RGC, adult NCS, and proliferating reactive astrocyte from the adult cerebral cortex. Radial glial cells (RGCs) with their main contacts at the apical side and the basement membrane are widespread in the developing vertebrate CNS and persist into adulthood in the highly specialized stem cell niches and are referred to as adult NSCs. Adult NSCs possess radial glia hallmarks, such as apical contact with the ventricle and a shortened basal process. Both RGCs and adult NSCs are able to generate neurons and glia cells, but at the single‐cell level they are largely uni/bilineage *in vivo*. In contrast, the injury‐induced proliferation of parenchymal astrocytes, unlike RGCs/NSCs, resulted in the generation of astrocytes only. Even when proliferating reactive astrocytes are astroglial‐restricted, they show a larger potential when exposed to a different environment *in vitro*, and in similarity to RGCs or NSCs can be instructed to multipotency and long‐term self‐renewal upon exposure to growth factors. VZ, ventricular zone; SEZ, subependymal zone; GM, gray matter of cerebral cortex.](GLIA-63-1452-g001){#glia22850-fig-0001}

*In vitro*, however, upon exposure to growth factors, at least some NECs generate both neurons and glial cells, for example neurons and astrocytes, or neurons and oligodendrocytes (Fig. [1](#glia22850-fig-0001){ref-type="fig"}; see, e.g., Qian et al., [2000](#glia22850-bib-0120){ref-type="ref"}; Williams et al., [1991](#glia22850-bib-0156){ref-type="ref"}; for review, see: Götz, [2013](#glia22850-bib-0046){ref-type="ref"}; Götz and Huttner, [2005](#glia22850-bib-0047){ref-type="ref"}). When NECs are exposed to neurosphere culture conditions, some (e.g., bearing CD44, Pollard et al., [2008](#glia22850-bib-0118){ref-type="ref"}) can generate all three types of cells, astrocytes, oligodendrocytes, and neurons, supposedly due to the upregulation of gliogenic transcription factors mediated by epidermal growth factor (EGF) and sonic hedgehog (SHH) signaling pathways (Gabay et al., [2003](#glia22850-bib-0038){ref-type="ref"}; Hack et al., [2004](#glia22850-bib-0055){ref-type="ref"}). Thus, important definitions to introduce here refer to the distinction between LINEAGE which is what a single cell does *in vivo* and POTENTIAL which is what a single cell CAN DO when exposed to a different environment either by transplantation or in culture (Fig. [1](#glia22850-fig-0001){ref-type="fig"}). Taken together, most NECs are unilineage and few bilineage *in vivo*, but some can exhibit multipotency *in vitro*.

Moreover, most NECs self‐renew for only a few cell divisions *in vivo* and in almost all brain regions they are fast replaced by the radial glial cells (RGCs) (Götz and Huttner, [2005](#glia22850-bib-0047){ref-type="ref"}; Sahara and O\'Leary, [2009](#glia22850-bib-0130){ref-type="ref"}), such that RGCs are responsible for most of neurogenesis in most brain regions (for recent review, see De Juan Romero and Borrell, [2015](#glia22850-bib-0028){ref-type="ref"}; Taverna et al., [2014](#glia22850-bib-0148){ref-type="ref"}). One exception is the spinal cord where RGCs only appear at the end of neurogenesis and onset of gliogenesis (Barry and McDermott, [2005](#glia22850-bib-0007){ref-type="ref"}; Guérout et al., [2014](#glia22850-bib-0053){ref-type="ref"}; McDermott et al., [2005](#glia22850-bib-0086){ref-type="ref"}; Rowitch and Kriegstein, [2010](#glia22850-bib-0128){ref-type="ref"}). Thus, the earliest NSCs, the first progenitors in the developing CNS have only limited self‐renewal and are largely specified to generate a single or rather limited range of progeny *in vivo*. However, a subset of NECs can acquire multipotency and long‐term self‐renewal *in vitro* (Gabay et al., [2003](#glia22850-bib-0038){ref-type="ref"}; Hack et al., [2004](#glia22850-bib-0055){ref-type="ref"}; Pollard et al., [2006](#glia22850-bib-0117){ref-type="ref"}, [2008](#glia22850-bib-0118){ref-type="ref"}). Interestingly, specific signaling pathways, such as BMP, can even arrest these cells temporarily in quiescence (Martynoga et al., [2013](#glia22850-bib-0085){ref-type="ref"}), even though few if any of the NECs are quiescent *in vivo* (see, e.g., Furutachi et al., [2015](#glia22850-bib-0165){ref-type="ref"}; Hartfuss et al., [2001](#glia22850-bib-0056){ref-type="ref"}). Thus, the earliest NSCs are short‐lived and mostly unilineage but some can become multipotent and long term self‐renewing *in vitro*.

RGCs differ from NECs by expression of various genes and proteins later persisting in astrocytes, such as the glutamate transporters GLAST and Glt‐1, Glutamine Synthase, and Aldh1L1, or present in reactive astrocytes (vimentin, nestin, BLBP, DSD1‐proteoglycan, and Tenascin‐C) and adult NSCs (Table [1](#glia22850-tbl-0001){ref-type="table-wrap"}, see also Götz, [2013](#glia22850-bib-0046){ref-type="ref"}; Götz and Huttner, [2005](#glia22850-bib-0047){ref-type="ref"}; Kriegstein and Alvarez‐Buylla, [2009](#glia22850-bib-0067){ref-type="ref"}; Sirko et al., [2010](#glia22850-bib-0139){ref-type="ref"}; Taverna et al., [2014](#glia22850-bib-0148){ref-type="ref"}; von Holst et al., [2006](#glia22850-bib-0154){ref-type="ref"}). They share the apico‐basal polarity \[with the long radial process attached to the basement membrane and the junctional complexes delineating apical membrane domains at the ventricular surface where, e.g., the glycoprotein prominin 1 (CD133) is located\] (Götz and Huttner, [2005](#glia22850-bib-0047){ref-type="ref"}; Taverna et al., [2014](#glia22850-bib-0148){ref-type="ref"}). Both NECs and RGCs possess junctional complexes that change, however, in their molecular composition during development (Götz and Huttner, [2005](#glia22850-bib-0047){ref-type="ref"}; Rousso et al., [2012](#glia22850-bib-0127){ref-type="ref"}; Taverna et al., [2014](#glia22850-bib-0148){ref-type="ref"}) until the final cell type lining the ventricle the ependymal cells have differentiated with yet a different, rather leaky, junctional composition (Bruni, [1998](#glia22850-bib-0016){ref-type="ref"}; Jiménez et al., [2014](#glia22850-bib-0063){ref-type="ref"}).

So are RGCs then NSCs? *In vivo* and in primary cultures *in vitro* most RGCs generate only a single type of progeny, most of them neurons, some glia only, and similar to the NECs around 16.7% generate both neurons and glia (Fig. [1](#glia22850-fig-0001){ref-type="fig"}; Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}; Grove et al., [1993](#glia22850-bib-0052){ref-type="ref"}; Malatesta et al., [2003](#glia22850-bib-0080){ref-type="ref"}, [2000](#glia22850-bib-0081){ref-type="ref"}). Similar to the NECs, trilineage is not observed for RGCs *in vivo*, but only as multipotency *in vitro* upon growth factor exposure, such as in neurosphere culture conditions. In regard to self‐renewal, RGCs typically divide asymmetrically for a number of rounds generating different neuronal subtypes sequentially (for recent review, see Greig et al., [2013](#glia22850-bib-0051){ref-type="ref"}; Lodato et al., [2015](#glia22850-bib-0076){ref-type="ref"}). The RGC potential to generate different neuronal subtypes is increasingly limited during development, such that late RGCs can no longer generate deep layer neurons of the cerebral cortex that are generated only early (Desai and McConnell, [2000](#glia22850-bib-0029){ref-type="ref"}; Frantz and McConnell, [1996](#glia22850-bib-0037){ref-type="ref"}; Leone et al., [2008](#glia22850-bib-0070){ref-type="ref"}). Thus, many if not most RGCs do not self‐renew, as later RGCs differ in their fate restriction from the earlier RGCs. Moreover, RGCs divide maximally eight to nine rounds during neurogenesis and later disappear in most brain regions at the end of neurogenesis, when gliogenesis starts. They disappear either by self‐consuming symmetric neurogenic divisions or by generating or turning into glial cells, such as astrocytes or ependymal cells (Jacquet et al., [2009](#glia22850-bib-0062){ref-type="ref"}; Noctor et al., [2004](#glia22850-bib-0104){ref-type="ref"}; Paez‐Gonzalez et al., [2011](#glia22850-bib-0110){ref-type="ref"}). Taken together, RGCs like NECs show limited self‐renewal and give rise largely to a single type of progeny *in vivo*, but can do more upon growth factor exposure *in vitro* (Fig. [1](#glia22850-fig-0001){ref-type="fig"}).

Importantly, however, they are clearly more "potent" in fate and division than neuronal progenitor cells (such as the basal progenitors in the developing forebrain, see Borrell and Götz, [2014](#glia22850-bib-0013){ref-type="ref"}; Pilz et al., [2013](#glia22850-bib-0114){ref-type="ref"}; Taverna et al., [2014](#glia22850-bib-0148){ref-type="ref"}) that often divide only once, or if they divide more often they do so symmetrically enlarging the number of a single neuronal subtype. Thus, in regard to asymmetric divisions and the generation of different daughter cells RGCs and NECs are clearly different from neuronal progenitors and thereby fulfill the hallmark of self‐renewal even though only for a few rounds of cell division *in vivo* (in rodents: 2--4 for NECs; 6--8 for RGCs, see, e.g., Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}). Moreover, neuronal progenitors cannot form neurospheres (see, e.g., Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}, unpublished data; Pollard et al., [2008](#glia22850-bib-0118){ref-type="ref"}), the *in vitro* read‐out for NSC potential, and hence lack multipotency and capacity for long‐term self‐renewal.

NSCs During Postnatal Development: Peak of Glial Cell Expansion and Limited Self‐Renewal {#glia22850-sec-0005}
----------------------------------------------------------------------------------------

After birth, in most mammalian brain regions neurogenesis has come to an end (for exceptions see below), while gliogenesis now prevails (see also Molofsky and Deneen, [2015](#glia22850-bib-0092){ref-type="ref"}; Takebayashi and Ikenaka, [2015](#glia22850-bib-0147){ref-type="ref"}). As discussed above, the view that the same NSCs that generated neurons during embryonic development would then generate the glial cells could be refuted for the vast majority of cells by clonal analysis (Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}). Thus, glial progenitors largely, though not exclusively (Gao et al., [2014](#glia22850-bib-0042){ref-type="ref"}), derive from ancestors that were not engaged previously in neurogenesis (see also for spinal cord lineages: Battiste et al., [2007](#glia22850-bib-0008){ref-type="ref"}; Mukouyama et al., [2006](#glia22850-bib-0095){ref-type="ref"}; Wu et al., [2006](#glia22850-bib-0158){ref-type="ref"}).

The postnatal period is thus dominated by large amplification of the glial lineages. At this time a dense band of proliferating cells forms at or just below the future white matter (WM) position as subventricular zone (SVZ). Only very few regions located mostly in the telencephalon have already a visible SVZ at embryonic stages that comprises however neuronal progenitor cells (the basal progenitors) and is most visible in regions with a large neuronal output (see De Juan Romero and Borrell, [2015](#glia22850-bib-0028){ref-type="ref"}). At postnatal stages the SVZ contains largely glial progenitors as shown by retroviral labeling of single cells and their progeny, e.g., in the rodent cerebral cortex SVZ. Clonal progeny consisted either of larger dispersed sets of oligodendrocytes and their progenitors and astrocytes or smaller clusters typically of a single class of glial cells, e.g., only astrocytes or only oligodendrocytes (Levison and Goldman, [1993](#glia22850-bib-0071){ref-type="ref"}, [1997](#glia22850-bib-0072){ref-type="ref"}; Lin and Goldman, [2009](#glia22850-bib-0074){ref-type="ref"}; Suzuki and Goldman, [2003](#glia22850-bib-0146){ref-type="ref"}; Zerlin et al, [2004](#glia22850-bib-0162){ref-type="ref"}). Molecular follow‐up studies then revealed that higher levels of the transcription factor Olig2 inhibit astrocyte and favor oligodendrocyte fate in these lineages (Marshall et al., [2005](#glia22850-bib-0082){ref-type="ref"}). In addition, single lineage progenitors are also distributed throughout the parenchyma, such as astrocyte progenitors generating groups of astrocytes within the cerebral cortex gray matter (GM) (García‐Marqués and López‐Mascaraque, [2013](#glia22850-bib-0043){ref-type="ref"}; Ge et al., [2012](#glia22850-bib-0044){ref-type="ref"}; Zerlin et al., [2004](#glia22850-bib-0162){ref-type="ref"}), eventually causing the evenly spaced distribution of astrocytes. Interestingly, while no neuronal progeny was observed from progenitors in the cerebral cortex at postnatal stages, exposure to hypoxia during the postnatal days 3--11 activated the generation of Tbr1+ spiny pyramidal neurons apparently from local GFAP+ cells (Bi et al., [2011](#glia22850-bib-0011){ref-type="ref"}). In addition, the exposure to low oxygen *in vivo* or *in vitro* also elicits the formation of multipotent and long‐term self‐renewing neurospheres from some GFAP+ cells in the postnatal cerebral cortex (Bi et al., [2011](#glia22850-bib-0011){ref-type="ref"}), reminiscent of the injury response of reactive astrocytes at later stages (see below).

In case of NG2 progenitors, they can divide symmetrically and asymmetrically to generate oligodendrocytes as well as the evenly spaced network of NG2‐glia in the adult brain (Dimou and Gallo, [2015](#glia22850-bib-0030){ref-type="ref"}; Nishiyama et al., [2009](#glia22850-bib-0103){ref-type="ref"}). Again, these cells are unilineage or bilineage *in vivo* (see, e.g., Zhu et al., [2008](#glia22850-bib-0163){ref-type="ref"}, [2011](#glia22850-bib-0164){ref-type="ref"}), and also remain in their lineage in primary culture. Under neurosphere culture conditions, i.e., in the presence of EGF and fibroblast growth factor 2 (FGF2) subsets of these glial progenitors also reveal multipotency (Dimou and Gallo, [2015](#glia22850-bib-0030){ref-type="ref"}; Kondo and Raff, [2000](#glia22850-bib-0066){ref-type="ref"}; Suslov et al., [2002](#glia22850-bib-0145){ref-type="ref"}).

In some brain regions, however, neurogenesis continues, such as the dentate gyrus (DG) that forms predominantly at postnatal stages and along the lateral wall of the lateral ventricle. During embryonic development, the latter region is called ganglionic eminence (GE) (see also below and Fig. [3](#glia22850-fig-0003){ref-type="fig"}) and generates the projection neurons of the basal ganglia as well as virtually all interneurons of the entire telencephalon, including the olfactory bulb (OB) (Anderson et al., [2002](#glia22850-bib-0002){ref-type="ref"}; Sultan et al., [2013](#glia22850-bib-0144){ref-type="ref"}), at postnatal stages only OB interneurons continue to be generated (with interesting subtype changes to adulthood: Weinandy et al., [2011](#glia22850-bib-0155){ref-type="ref"}). Accordingly, viral vector or genetic fate‐mapping‐based lineage tracing of cells in the postnatal SVZ revealed also neuronal progeny migrating to and settling in the OB (Luskin, [1993](#glia22850-bib-0077){ref-type="ref"}; Marshall et al., [2003](#glia22850-bib-0083){ref-type="ref"}; Zerlin et al., [2004](#glia22850-bib-0162){ref-type="ref"}). The cells at the origin of this lineage are GFAP+ (Ganat et al., [2006](#glia22850-bib-0041){ref-type="ref"}) and derive from neonatal RGCs (Merkle et al, [2004](#glia22850-bib-0090){ref-type="ref"}). However, GFAP‐CreERT2 (no superscript for ERT2)‐based fate mapping also revealed a surprising postnatal lineage of GABAergic neurons in the cerebral cortex (Ganat et al., [2006](#glia22850-bib-0041){ref-type="ref"}). As this lineage is no longer observed in adulthood, it will be interesting to determine to which extent these GABAergic neurons derive from the same progenitors as during embryonic development, namely the lateral wall of the lateral ventricle (Anderson et al., [2002](#glia22850-bib-0002){ref-type="ref"}; Southwell et al., [2014](#glia22850-bib-0141){ref-type="ref"}; Sultan et al., [2013](#glia22850-bib-0144){ref-type="ref"}), or from other regions such as the posterior periventricular region in the cerebral cortex (Caputi et al., [2013](#glia22850-bib-0021){ref-type="ref"}; Inta et al., [2008](#glia22850-bib-0061){ref-type="ref"}; Le Magueresse et al., [2011](#glia22850-bib-0069){ref-type="ref"}; Nakatomi et al., [2002](#glia22850-bib-0097){ref-type="ref"}). Importantly, however, no clonal analysis of these cells has yet been performed, such that it is unknown whether a single cell would give rise to different types of neural progeny *in vivo*.

Adult NSCs: Limited Lineage and Self‐Renewal {#glia22850-sec-0006}
--------------------------------------------

The tissue‐maturation process during early postnatal life results in the gradual shrinkage of the VZ and SVZ accompanied by ependymal cell maturation, which leads to the formation of highly specialized area---the subependymal zone (SEZ) at the lateral wall of the lateral ventricles and the secondary neurogenic zone, the subgranular zone (SGZ) of the DG in the hippocampal formation (Kazanis et al., [2008](#glia22850-bib-0065){ref-type="ref"}; Kriegstein and Alvarez‐Buylla, [2009](#glia22850-bib-0067){ref-type="ref"}; Riquelme et al., [2008](#glia22850-bib-0124){ref-type="ref"}). Both these areas continuously contribute new neurons to the OB and the granule cell layer of the DG, respectively (Kriegstein and Alvarez‐Buylla, [2009](#glia22850-bib-0067){ref-type="ref"}) and retain some features from embryonic neurogenesis, often referred to as stem cell niches (see, e.g., Curtis et al., [2007](#glia22850-bib-0027){ref-type="ref"}; Kazanis et al., [2008](#glia22850-bib-0065){ref-type="ref"}; Riquelme et al., [2008](#glia22850-bib-0124){ref-type="ref"}).

So if the broader NSC criteria are only partially met during development, maybe the "real" NSCs appear only in adulthood as is the case, for example, in the hematopoietic system. The embryonic HSCs are dedicated to generate blood cells very fast and show limited self‐renewal, while adult HSCs appear late in embryogenesis and can self‐renew for about 15 life spans (one single HSC can reconstitute the hematopoietic system in serial transplants into 15 recipient mice sequentially, for review, see, e.g., Clapes and Robin, [2012](#glia22850-bib-0024){ref-type="ref"}). Adult NSCs were discovered by their multipotency *in vitro*, when cells from a thin area beneath the ependymal cell layer, the SEZ underlying the striatum were found to proliferate in medium containing EGF or FGF2 (Reynolds and Weiss, [1992](#glia22850-bib-0121){ref-type="ref"}; Richards et al., [1992](#glia22850-bib-0123){ref-type="ref"}) and likewise cells from the adult DG, OB, and hypothalamus could form multipotent and self‐renewing neurospheres (Gage et al., [1998](#glia22850-bib-0039){ref-type="ref"}, [1995](#glia22850-bib-0040){ref-type="ref"}; Robins et al., [2013](#glia22850-bib-0126){ref-type="ref"}; Vicario‐Abejón et al., [2003](#glia22850-bib-0153){ref-type="ref"}; Fig. [1](#glia22850-fig-0001){ref-type="fig"}). These cells can self‐renew for at least 10--20 passages and generate neurons, astrocytes, and oligodendrocytes upon differentiation *in vitro*---but do they do this also *in vivo*? To answer this question the progeny of a single cell must be followed *in vivo*. Clonal analysis can be done *in vitro* in the absence of growth factors observing the divisions and progeny of a single adult NSC by continuous single‐cell live imaging (Costa et al., [2011](#glia22850-bib-0026){ref-type="ref"}; Ortega et al., [2013](#glia22850-bib-0109){ref-type="ref"}). This revealed that without the addition of growth factors, adult NSCs isolated from the SEZ generate neurons only, via a series of amplifying progenitor divisions, but do not generate glia (Costa et al., [2011](#glia22850-bib-0026){ref-type="ref"}). Interestingly, as soon as EGF or FGF2 are added the NSCs revert to proliferation and gliogenesis (Costa et al., [2011](#glia22850-bib-0026){ref-type="ref"}). Thus, while *in vivo* most NSCs generate neurons only (Fig. [1](#glia22850-fig-0001){ref-type="fig"}), their multipotency *in vitro* is elicited by growth factors instructing gliogenesis (Fig. [1](#glia22850-fig-0001){ref-type="fig"}; Costa et al., [2011](#glia22850-bib-0026){ref-type="ref"}; Ortega et al., [2013](#glia22850-bib-0109){ref-type="ref"}).

Similarly, genetic fate mapping of murine adult NSCs *in vivo* suggests that single adult NSCs generate only neurons *in vivo* (for lineage in other vertebrates see Than‐Trong and Bally‐Cuif, [2015](#glia22850-bib-0149){ref-type="ref"}). By inducing genetic recombination in a small number of NSCs *in vivo* and then monitoring their genetically labeled progeny (Bonaguidi et al., [2011](#glia22850-bib-0012){ref-type="ref"}; Calzolari et al., [2015](#glia22850-bib-0020){ref-type="ref"}; Encinas et al., [2011](#glia22850-bib-0033){ref-type="ref"}), clonal analysis showed a rather limited self‐renewal of many (dentate gyrus) or most (SEZ) NSCs differentiating after two to four rounds of division. Like the RGCs (to which adult NSCs resemble closely (Fig. [1](#glia22850-fig-0001){ref-type="fig"}), see Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}; Calzolari et al.,[2015](#glia22850-bib-0020){ref-type="ref"}; Kriegstein and Alvarez‐Buylla, [2009](#glia22850-bib-0067){ref-type="ref"}), the NSCs located in either the DG or the SEZ generate largely a single cell type. Notably, DG neurons are rather homogeneous while OB interneurons generated in the adult comprise diverse subsets (Lledo et al., [2008](#glia22850-bib-0075){ref-type="ref"}). Interestingly, however, distinct sets of OB interneurons are generated by distinct sets of NSCs located at distinct positions lining the lateral ventricle or even within the OB (Brill et al., [2009](#glia22850-bib-0014){ref-type="ref"}; Ihrie et al., [2011](#glia22850-bib-0059){ref-type="ref"}; Merkle et al., [2014](#glia22850-bib-0088){ref-type="ref"}, [2007](#glia22850-bib-0089){ref-type="ref"}; Vergaño‐Vera et al., [2014](#glia22850-bib-0151){ref-type="ref"}, [2009](#glia22850-bib-0152){ref-type="ref"}). Thus, it appears that the role models of NSCs in the mammalian nervous system, both embryonic and adult NSCs, are largely unilineage and with---as far as it is known so far---little self‐renewal *in vivo*, but can be instructed to multipotency and long‐term self‐renewal upon growth factor exposure *in vitro*. This implies that even for endogenous NSCs the revelation of their stem cell hallmarks largely relies on their *in vitro* expanded multipotency and self‐renewal.

NSCs Outside the Neurogenic Niches in the Adult Mammalian CNS? {#glia22850-sec-0007}
==============================================================

The above considerations prompt the very simple question to which extent some other cells in the adult brain parenchyma would also show a larger potential when exposed to such favorable conditions *in vitro*. Indeed, soon after neurospheres could be grown from the adult SEZ and DG, several other CNS regions were probed for this capacity. Especially from rats, neurospheres can be grown from several brain regions and even the spinal cord (Grande et al., [2013](#glia22850-bib-0049){ref-type="ref"}; Ohori et al., [2006](#glia22850-bib-0107){ref-type="ref"}; Palmer et al., [1999](#glia22850-bib-0111){ref-type="ref"}). This seems to be rather different in the mouse where few if any neurospheres can be derived from other regions than the SEZ, DG, and the hypothalamus (see, e.g., Babu et al., [2007](#glia22850-bib-0004){ref-type="ref"}; Robins et al., [2013](#glia22850-bib-0126){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Moreover, most of the very few neurospheres that are obtained from murine brain parenchyma outside the classical neurogenic niches cannot be passaged and do not give rise to neurons (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Meletis et al., [2008](#glia22850-bib-0087){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}, [2009](#glia22850-bib-0138){ref-type="ref"}). However, NSCs with neurosphere‐forming capacity may be a rare event in the brain parenchyma so it is important to bear in mind that about two to five among 10,000 cells dissociated from the adult murine brain (e.g., cerebral cortex) can form at least short‐term (one to two passages) self‐renewing neurospheres of which some are multipotent (Grande et al., [2013](#glia22850-bib-0049){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}).

The origin of these rare neurosphere‐forming cells is not known. While some refer to marker‐negative neural progenitor cells (Grande et al., [2013](#glia22850-bib-0049){ref-type="ref"}), others have suggested that the neurosphere‐forming cells in the adult CNS parenchyma are derived from NG2+ glia (Shihabuddin et al., [2000](#glia22850-bib-0133){ref-type="ref"}). Indeed, the only proliferating cell type in the adult brain parenchyma are NG2‐glia (Simon et al., [2011](#glia22850-bib-0136){ref-type="ref"}), even though most of them divide very slowly (Psachoulia et al., [2009](#glia22850-bib-0119){ref-type="ref"}; Simon et al., [2011](#glia22850-bib-0136){ref-type="ref"}). Accordingly, retroviral vectors integrating only in the genome of dividing cells also label cells when injected into the adult rat cerebral cortex and some of these can generate neurospheres (Grande et al., [2013](#glia22850-bib-0049){ref-type="ref"}). However, genetic fate mapping in mice has so far not lent support to NG2‐glia forming self‐renewing multipotent neurospheres (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Meletis et al., [2008](#glia22850-bib-0087){ref-type="ref"}; Sabelström et al., [2013](#glia22850-bib-0129){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Thus, few if any cells generating multipotent, long‐term self‐renewing neurospheres can be obtained from the adult mammalian CNS, with important species differences however. Similarly, adult neurogenesis differs profoundly between mammals in a species‐specific manner with, e.g., apparent neuronal turnover and neurogenesis in humans (see, e.g., Ernst et al., [2014](#glia22850-bib-0034){ref-type="ref"}; Ninkovic and Götz, [2015](#glia22850-bib-0100){ref-type="ref"}).

Reactive Astrocytes and Ependymal Cells with NSC Hallmarks After Injury {#glia22850-sec-0008}
-----------------------------------------------------------------------

The situation changes when the parenchyma is exposed to injury. Several labs have reported a significant increase of neurosphere formation from the CNS parenchyma after injury---especially traumatic (TBI) or ischemic brain injury. The first report (Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}) used genetic fate mapping of astrocytes to follow them through their behavior after stab wound injury in the adult mouse cerebral cortex---initially in still images (Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}) and eventually by live *in vivo* imaging (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}). Stab wound injury is a model of TBI with pronounced reactive gliosis (Norton et al., [1992](#glia22850-bib-0106){ref-type="ref"}; Pekny and Pekna, [2014](#glia22850-bib-0113){ref-type="ref"}; Robel et al., [2011](#glia22850-bib-0125){ref-type="ref"}). Astrocytes divide rarely if at all in the healthy brain, while proliferating cells with astrocyte morphology and markers (GFAP, GLAST, Aldh1L1, Glutamine synthase, and S100β) have been observed after injury (Amat et al., [1996](#glia22850-bib-0001){ref-type="ref"}; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Simon et al., [2011](#glia22850-bib-0136){ref-type="ref"}; Sirko et al., [2009](#glia22850-bib-0138){ref-type="ref"}). However, it had been proposed that these proliferating cells with astrocyte markers may derive from glial progenitors, the NG2‐glia population that divide already in the healthy brain (Dimou and Götz, [2014](#glia22850-bib-0031){ref-type="ref"}; Reynolds and Hardy, [1997](#glia22850-bib-0122){ref-type="ref"}; Simon et al., [2011](#glia22850-bib-0136){ref-type="ref"}). Conversely, mature protoplasmic astrocytes were considered as permanently postmitotic cells, similar to mature neurons and mature oligodendrocytes. Permanently postmitotic cells, such as neurons and oligodendrocytes, cannot resume cell division even after injury, and rather undergo polyploidy or cell death when cell cycle genes are activated (Arendt, [2012](#glia22850-bib-0003){ref-type="ref"}). If this were similar for astrocytes, proliferating reactive GFAP+ cells may rather be derived from normally proliferative NG2‐glia.

Genetic fate mapping could resolve this important issue by labeling the respective glia population prior to injury (turning on a marker gene, such as β‐galactosidase or GFP using GLAST^CreERT2^ knock‐in or GFAP‐CreERTm mice to label astrocytes or Olig2CreERTm mice to label NG2‐glia after tamoxifen addition; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Dimou et al., [2008](#glia22850-bib-0032){ref-type="ref"}; Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}) and then following the labeled cells during and after injury. Note that all of these Cre lines also label endogenous NSCs in SEZ and hippocampal SGZ, such that the injury must be performed at reliable distance from these sites to allow conclusion about parenchymal astrocytes (for such controls, see Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}). This is of particular relevance for WM injuries, as SEZ progeny are more prone to be recruited there (Benner et al., [2013](#glia22850-bib-0010){ref-type="ref"}; Etxeberria et al., [2010](#glia22850-bib-0035){ref-type="ref"}).

Parenchymal GM astrocytes that were nonproliferative prior to injury indeed reactivated proliferation as detected by 5‐bromo‐2′‐deoxyuridine (BrdU) incorporation or Ki67 immunostaining within the first week after stab wound injury (Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Importantly, this could be further confirmed by live *in vivo* imaging unequivocally identifying parenchymal protoplasmic astrocytes that divided and generated two bushy protoplasmic astrocytes typically remaining in close vicinity to each other (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}). Proliferating astrocytes are a subset of reactive astrocytes that only ever divide once and are enriched at juxtavascular positions (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}; for review, see Dimou and Götz, [2014](#glia22850-bib-0031){ref-type="ref"}; Götz and Sirko, [2013](#glia22850-bib-0048){ref-type="ref"}). Thus, astrocyte proliferation can be reactivated, but only in a subset of astrocytes ranging between 15 and 40% of all astrocytes. Importantly, however, despite activation of proliferation and expression of some more immature markers (such as nestin and DSD1, see Table [1](#glia22850-tbl-0001){ref-type="table-wrap"}), murine cerebral cortex GM astrocytes stay within their lineage (Fig. [1](#glia22850-fig-0001){ref-type="fig"}) and no other progeny was observed neither by genetic fate mapping nor by live imaging (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Indeed, the concept that astrocytes can resume proliferation after injury but remain within their lineage has also been corroborated in the far distant region of the spinal cord (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Grégoire et al., [2015](#glia22850-bib-0050){ref-type="ref"}). These new insights into a subset of reactive astrocytes resuming proliferation have important consequences in regard to their function after brain injury (Dimou and Götz, [2014](#glia22850-bib-0031){ref-type="ref"}). As proliferation is the only way to increase astrocyte numbers after injury---given the absence of migration (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"})---and this occurs at the juxtavascular interface, a key role of astrocytes may occur at the blood vessel interface, e.g., in restricting immune cell invasion (Dimou and Götz, [2014](#glia22850-bib-0031){ref-type="ref"}; Sofroniew, [2014](#glia22850-bib-0140){ref-type="ref"}).

However, like for endogenous NSCs, the lineage restriction observed *in vivo* may be due to the local environment and the potential of reactive astrocytes may be larger *in vitro*. Notably, the adult brain parenchyma is very gliogenic and not supportive of neurogenesis. For example, SEZ‐derived neurosphere cells or SEZ‐derived neuroblasts that normally readily generate neurons are reverted to gliogenesis when transplanted into the adult injured brain parenchyma (e.g., Seidenfaden et al., [2006](#glia22850-bib-0131){ref-type="ref"}; Shihabuddin et al., [2000](#glia22850-bib-0133){ref-type="ref"}; for review, see Dimou and Götz, [2014](#glia22850-bib-0031){ref-type="ref"}). To explore the potential of reactive astrocytes genetically fate‐mapped astrocytes were exposed to the standard neurosphere culture conditions containing EGF and FGF2 at 3--5 days postinjury to allow NSC proliferation and self‐renewal. Indeed, neurosphere formation was much higher (5--10 times) after traumatic or ischemic brain injury (Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}, [2009](#glia22850-bib-0138){ref-type="ref"}) and genetically labeled astrocytes exhibited NSC properties of self‐renewal (passages for more than five times) and multipotency as typically one‐third of the neurospheres generated all three cell types, neurons (firing action potential), oligodendrocytes, and astrocytes (Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Genetic fate mapping revealed that most of the neurospheres were derived from genetically (Glast^CreERT2^/GFP) labeled astrocytes and isolation of labeled reactive astrocytes by FACS showed that up to 1 in 18 viable GFP+ cells could form a neurosphere (Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}). Thus, about 5% of all reactive astrocytes have NSC properties revealed *in vitro*.

Interestingly, the source of cells with NSC potential is different in the spinal cord, where astrocytes fate‐mapped in Connexin30‐CreERT2 mouse lines formed virtually no neurospheres and hence revealed little to no multipotency, while ependymal cells did (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Meletis et al., [2008](#glia22850-bib-0087){ref-type="ref"}). Thus, different glial subtypes may retain NSC/neurosphere‐forming potential in different CNS regions.

But which are the functional similarities or differences of reactive astrocyte‐derived NSCs and the "true" NSCs that contribute to neurogenesis in the adult brain? In other words, are reactive astrocytes or ependymal cells really "true" NSCs? In regard to self‐renewal, there is a quantitative difference between reactive astrocytes dividing only one time and NSCs about three to four times *in vivo* (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}; Bonaguidi et al., [2011](#glia22850-bib-0012){ref-type="ref"}; Calzolari et al., [2015](#glia22850-bib-0020){ref-type="ref"}; Encinas et al., [2011](#glia22850-bib-0033){ref-type="ref"}). *In vitro*, however, both populations can self‐renew for more rounds of cell divisions, supposedly triggered by the amounts of growth factors. Thus, NSCs and reactive astrocytes can self‐renew for a number of times, but do so in a more limited number *in vivo*. The same conclusion is reached for multipotency. *In vivo*, endogenous NSCs and reactive astrocytes generate one set of progeny: neurons in the case of endogenous NSCs in the SEZ or DG, astrocytes in the case of the hypothalamic NSCs (Robins et al., [2013](#glia22850-bib-0126){ref-type="ref"}; for earlier stages, see Haan et al., [2013](#glia22850-bib-0054){ref-type="ref"}) or reactive astrocytes (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Interestingly, reactive ependymal cells in the spinal cord generate also astrocytes migrating from the ventricular lining to the injury site (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Meletis et al., [2008](#glia22850-bib-0087){ref-type="ref"}; Sabelström et al., [2013](#glia22850-bib-0129){ref-type="ref"}). Thus, *in vivo* all of these NSCs, both the endogenous NSCs and the reactive glia, are either unilineage or bilineage, but never generate neurons and glia. Their potential, however, is clearly much larger *in vitro* (Fig. [1](#glia22850-fig-0001){ref-type="fig"}) where reactive astrocytes and ependymal cells generate neurons and the two main types of glial cells (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Meletis et al., [2008](#glia22850-bib-0087){ref-type="ref"}; Sabelström et al., [2013](#glia22850-bib-0129){ref-type="ref"}; Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Thus, like endogenous NSCs from the developing and adult brain, also reactive astrocytes and ependymal cells have limited lineage and self‐renewal *in vivo*, but comply with the stem cell criteria of longer self‐renewal and multipotency *in vitro*.

Probing Potential by Transplantation {#glia22850-sec-0009}
------------------------------------

At this point it is also important to mention that neurons generated by neurospheres are poorly defined *in vitro*, such that the full neuronal maturation into a specific subtype remains yet to be determined. As neuronal subtype maturation may be impaired due to altered signaling (this is the case for SEZ NSCs, see, e.g., Brill et al., [2009](#glia22850-bib-0014){ref-type="ref"}) or simply difficult to detect *in vitro*, the ideal test for the potential of NSCs is transplantation. As mentioned above, neurospheres derived from endogenous adult NSCs largely fail to generate neurons when transplanted outside the neurogenic niches, i.e., most part of the adult brain parenchyma. However, when transplanted into their own neurogenic sites, they generate neurons apparently corresponding to the respective neuronal subtype even after exposure to the EGF and FGF2 signals *in vitro* (Codega et al., [2014](#glia22850-bib-0025){ref-type="ref"}; Merkle et al., [2007](#glia22850-bib-0089){ref-type="ref"}; Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}). To which extent neurospheres derived from one site (e.g., the DG) can generate neurons of another site (e.g., the OB)---as suggested some while ago (Suhonen et al., [1996](#glia22850-bib-0143){ref-type="ref"}) remains to be examined in more detail with modern techniques controlling for cell fusion (Brilli et al., [2013](#glia22850-bib-0015){ref-type="ref"}). More recently, SEZ‐derived neurosphere cells have been shown to differentiate into DG neurons only when expressing the correct neurogenic transcription factor fate determinants (Chen et al., [2012](#glia22850-bib-0023){ref-type="ref"}). The most striking example upon wide‐spread multilineage contribution of adult SEZ‐derived neurospheres was observed after transplantation into the embryonic brain apparently contributing to neurons in many different regions (Neumeister et al., [2009](#glia22850-bib-0098){ref-type="ref"}). However, the neuronal progeny was not examined in detail in this study, especially not in regard to their function and connectivity. Thus, it remains largely unknown to which extent even the normal endogenous adult NSCs can contribute to neuronal subtypes of other regions. Moreover, many of these studies did not address the issue of cell fusion, which is rather prevalent for NSCs after *in vitro* culture (Brilli et al., [2013](#glia22850-bib-0015){ref-type="ref"}).

Reactive astrocyte‐derived neurospheres have been transplanted into the SEZ and while they proliferate no neuronal progeny was observed (Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}). This clearly suggests that these cells cannot react to the neurogenic stimuli present in the neurogenic SEZ. This may be due to the distinct regional origin as the adult SEZ derives largely from the lateral GE as mentioned above (Young et al., [2007](#glia22850-bib-0160){ref-type="ref"}). Indeed, cells derived from the cerebral cortex never generate OB interneurons during development and may hence not be able to respond to these cues. Thus, it will be an important test to examine the progeny of reactive astrocytes in a niche generating the appropriate subtype of neurons, i.e., the embryonic cerebral cortex. Taken together, reactive astrocyte‐derived neurosphere cells clearly exhibit multipotency *in vitro*, but their neurogenic potential remains to be further explored and may well require additional signals as these cells are derived from a cell type that has stopped to generate neurons some while ago. Indeed, neurospheres derived from NSCs undergoing neurogenesis *in vivo* generate neurons to a lower proportion than *in vivo* (due to the gliogenic signals, see below), but each neurosphere generates neurons. Conversely, only one‐third of all neurospheres derived from reactive astrocytes generate neurons (Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}; Fig. [1](#glia22850-fig-0001){ref-type="fig"}), suggesting that also *in vitro* their neurogenic potential is lower.

This may imply that injury conditions *in vivo* and neurosphere culture conditions *in vitro* may only activate part of the neurogenic capacity in the subset of reactive astrocytes. Taken together, a few astrocytes can activate NSC hallmarks after injury and these properties do not differ much from the behavior of endogenous adult NSCs in regard to long‐term self‐renewal and multipotency *in vitro* or their limited progeny and self‐renewal *in vivo*. However, the key difference is in regard to their default lineage *in vivo*, which is neurogenic for the endogenous NSCs and gliogenic for the NSCs emerging from reactive glia.

Factors Regulating Reactive Astrocyte Multipotency and Neuronal Progeny {#glia22850-sec-0010}
=======================================================================

The crucial issue emerging from the above is thus to identify the signals that retain reactive astrocytes in their lineage *in vivo* with the final aim to relieve them from this restriction. Notch signaling is a prime candidate as its levels determine already in RGCs during neurogenesis whether they undergo neurogenesis or gliogenesis. High sustained levels of Notch retain cells as RGCs and interfere with neurogenesis, while oscillating Notch signaling interrupted by high Ngn and low Hes levels allow RGCs and NSCs to generate neurons (Imayoshi and Kageyama, [2014](#glia22850-bib-0060){ref-type="ref"}; Shimojo et al., [2011](#glia22850-bib-0135){ref-type="ref"}). Notch signaling is critical for NSC properties of reactive astrocytes in neurosphere cultures (Shimada et al., [2012](#glia22850-bib-0134){ref-type="ref"}), consistent with the role of Notch in NSC self‐renewal (see Ninkovic and Götz, [2014](#glia22850-bib-0099){ref-type="ref"}; Than‐Trong and Bally‐Cuif, [2015](#glia22850-bib-0149){ref-type="ref"}). Excitingly, recent work from the Frisén lab has shown that striatal astrocytes are particularly dependent on this signaling pathway as deletion of the key mediator of Notch signaling, Rbpjκ, is sufficient to elicit neurogenesis (doublecortin and NeuN+ cells) from striatal but not other astrocytes (Magnusson et al., [2014](#glia22850-bib-0079){ref-type="ref"}). Interestingly, striatal astrocytes also generate some immature neurons upon injury conditions (stroke) that elicit a reduction in Notch signaling (Magnusson et al., [2014](#glia22850-bib-0079){ref-type="ref"}), as do ependymal cells underlying the striatum (Carlén et al., [2009](#glia22850-bib-0022){ref-type="ref"}). Striatal glial cells may therefore appear to be particularly easy to activate toward neurogenesis, a possible remnant from a hidden neurogenic program present in rabbits and humans (Ernst et al., [2014](#glia22850-bib-0034){ref-type="ref"}; Luzzati et al., [2006](#glia22850-bib-0078){ref-type="ref"}). Thus, these data highlight the region‐specific diversity of astrocytes (see also Molofsky and Deneen, [2015](#glia22850-bib-0092){ref-type="ref"}) as astrocytes in most other brain regions do not generate neurons after injury (Barnabé‐Heider et al., [2010](#glia22850-bib-0006){ref-type="ref"}; Buffo et al., [2008](#glia22850-bib-0017){ref-type="ref"}; Magnusson et al., [2014](#glia22850-bib-0079){ref-type="ref"}; Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}) and cannot be instructed to do so by deleting Rbpjκ (Magnusson et al., [2014](#glia22850-bib-0079){ref-type="ref"}). However, other signals may restrict astrocytes from converting to neuronal lineage in other regions.

In regard to the NSC properties of reactive astrocytes in the cerebral cortex, SHH turned out to be a key signaling mediator. When the SHH signaling mediator smoothened is deleted in adult astrocytes, proliferation of reactive astrocytes after traumatic injury is much reduced and so is their neurosphere formation (Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). SHH levels are highest in the blood plasma and cerebrospinal fluid (CSF) which both gain access to the brain parenchyma after invasive brain injury. This explains why reactive astrocytes do not resume proliferation in noninvasive injury, conditions such as amyloidosis or induced cell death of neurons (Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Importantly, SHH levels appear not to be saturating as the smoothened agonist (SAG) can further increase proliferation and neurosphere formation of reactive astrocytes and even their neurogenic capacity (Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}), but even elevated SHH signaling *in vivo* is not sufficient to promote neurogenesis from reactive astrocytes *in vivo* (Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"} and Frik et al., unpublished data). Surprisingly, one of the two factors contained in the neurosphere medium, the FGF2, rather inhibits the proliferation and reactive nature of astrocytes *in vivo* (Kang et al., [2014](#glia22850-bib-0064){ref-type="ref"}). Again, this effect was specific to the cerebral cortex and different in other regions. These data thus further highlight the importance to unravel the signaling network in the region‐specific environment *in vivo*.

One aspect of understanding the signaling pathways elicited by injury is to alleviate scar formation. Indeed, some of these signaling pathways seem to affect scar formation (for details, see Grégoire et al., [2015](#glia22850-bib-0050){ref-type="ref"}). This is the case for FGF signaling (Kang et al., [2014](#glia22850-bib-0064){ref-type="ref"}) or the intermediate filaments GFAP and vimentin whose deletion potently reduced scar formation (Pekny and Pekna, [2014](#glia22850-bib-0113){ref-type="ref"}; Pekny et al., [1999](#glia22850-bib-0112){ref-type="ref"}). Interestingly, intermediate filaments also act by targeting membrane proteins to the cell surface and may hence play a role also in FGFR‐mediated signaling (Kang et al., [2014](#glia22850-bib-0064){ref-type="ref"}). Most importantly, the signals affecting NSC or even neurogenesis potential of reactive astrocytes and the signals that lessen scar formation may be closely linked. Transplantation of immature glial cells into injury sites has often yielded beneficial effects (Shear et al., [2004](#glia22850-bib-0132){ref-type="ref"}), suggesting that the factors released by various transplanted stem cells, including mesenchymal stem cells, alleviate scar formation and neuronal death in so‐called by‐stander effects. This implies that the factors released by NSCs or glial progenitors are beneficial. Indeed, recruitment of NSCs from endogenous sources appears to have the same effects. This is best illustrated by reactive astrocytes recruited from NSCs in some brain regions. For example, when injury stretching into the WM is placed into rostral areas of the mouse cerebral cortex, astrocytes from the SEZ are recruited to the injury site in a thrombospondin 4‐dependent manner exerting beneficial effects (Benner et al., [2013](#glia22850-bib-0010){ref-type="ref"}). Similarly, ependymal cells in the spinal cord are activated by traumatic injury and generate diverse types of glial cells, including GFAP+ cells migrating to the injury site and releasing neuroprotective factors (Sabelström et al., [2013](#glia22850-bib-0129){ref-type="ref"}; for further details, see Grégoire et al., [2015](#glia22850-bib-0050){ref-type="ref"}). A similar process is taking place also in the DG where neurogenic NSCs are recruited to generate reactive astrocytes at the expense of neurogenesis upon injury (Encinas et al., [2011](#glia22850-bib-0033){ref-type="ref"}). These data highlight the dark side of activating NSCs toward the generation of reactive astrocytes as this depletes NSCs and negatively affects later neurogenesis in this region (see, however, nonmammalian vertebrates as reviewed in Than‐Trong and Bally‐Cuif, [2015](#glia22850-bib-0149){ref-type="ref"}), while apparently improving scar formation or neuronal survival at the site of injury.

Taken together, there are different cellular sources contributing to reactive astrocytes in specific brain regions and distinct signals regulate reactive astrocyte proliferation and NSC properties in different brain regions. These considerations thus bring us back to the more general questions of regional differences between endogenous NSCs and to which extent reactive astrocytes (or ependymal cells) may resemble endogenous NSCs from the same or different regions.

Genome‐Wide Expression Analysis of Embryonic and Adult NSCs and Protoplasmic and Reactive Astrocytes {#glia22850-sec-0011}
====================================================================================================

To answer these questions more globally and in an unbiased manner, genome‐wide expression analysis should be well suited. While the above review shows key similarities between NSCs and reactive astrocytes in terms of some marker genes (Table [1](#glia22850-tbl-0001){ref-type="table-wrap"}) and functional aspects (Table [2](#glia22850-tbl-0002){ref-type="table-wrap"}), these reflect only a minute part of the overall gene expression and hence functional plasticity of these cells.

###### 

Similarities and Differences Between Glial Cell Types in Terms of Some Marker Genes Expression

  Protein                Neuroepithelial cells   Radial glia early   Radial glia late   Adult neural stem cell   Mature astroglia   Reactive astroglia   Ependymal cell (lateral ventricle)
  ---------------------- ----------------------- ------------------- ------------------ ------------------------ ------------------ -------------------- ------------------------------------
  GFAP                   −                       −/+                 +/++               +++                      −/++               +++                  \+
  GLAST (Slc1a3)         −                       ++                  ++                 ++                       +++                +++                  ++
  GLT1 (Slc1a2)          −                       −                   \+                 ++                       +++                ++                   ++
  Glutamine synthetase   −                       −                   \+                 ++                       +++                +++                  −
  S100‐β                 −                       −                   \+                 \+                       ++                 +++                  +++
  Connexin 43 (Gja1)     −                       −                   ++                 +++                      +++                +++                  ++
  Aquaporin 4            ND                      ND                  ND                 ++                       +++                +++                  \+
  KIR 4.1/2.1            −                       \+                  ++                 +++                      +++                ++                   ++
  Aldlhl1                −                       −                   \+                 \+                       +++                +++                  ++
  Nestin (RC1/RC2)       +++                     +++                 +++                +++                      −                  +++                  ++
  Vimentin               −                       \+                  ++                 +++                      −                  +++                  +++
  BLBP                   ++                      +++                 +++                +++                      −                  +++                  −
  TN‐C                   −                       +++                 +++                ++                       −                  +++                  −
  Phosphacan/DSD‐1       −                       +++                 +++                +++                      −                  ++                   −
  Sox2                   +++                     +++                 +++                +++                      ++                 +++                  ++

Note that cell heterogeneity is not incorporated in this table. Based on Götz ([2013](#glia22850-bib-0046){ref-type="ref"}).

###### 

Functional Properties Shared by Astrocytes, Ependymal Cells, Radial Glia, and Adult Neural Stem Cells

  Protein                                      Neuroepithelial cells   Radial glia early   Radial glia late   Adult neural stem cell   Mature astroglia   Reactive astroglia   Ependymal cell (lateral ventricle)
  -------------------------------------------- ----------------------- ------------------- ------------------ ------------------------ ------------------ -------------------- ------------------------------------
  Glutamate uptake                             −                       \+                  ++                 +++                      +++                +++                  ++
  K‐conductance at rest                        −                       −                   ++                 ++                       +++                ++                   ++
  Glycogen storage                             −                       \+                  ++                 ++                       +++                +++                  +++
  Gap‐junctions/hemichannels/Ca‐waves          ND                      +++                 +++                +++                      +++                ++                   ++
  Blood vessel contact/blood flow regulation   −                       \+                  ++                 +++                      +++                +++                  −
  Cell division                                +++                     +++                 ++                 ++                       −                  ++                   −
  Multipotency                                 +++                     +++                 ++                 +++                      −                  \+                   −
  Self‐renewal                                 ++                      ++                  \+                 +++                      −                  \+                   −

Based on Götz ([2013](#glia22850-bib-0046){ref-type="ref"}).

The limitation of the few "marker genes" examined so far becomes immediately obvious when alleged "NSC markers," such as nestin, Sox2, DSD1, and BLBP, are examined in reactive astrocytes (Table [1](#glia22850-tbl-0001){ref-type="table-wrap"}), where they are widespread, even in injury conditions when reactive astrocytes do not acquire proliferation and neurosphere‐forming potential (Sirko et al., [2013](#glia22850-bib-0137){ref-type="ref"}). Thus, these few proteins are not suitable for delineating NSCs from other glial cells. Rather, genome‐wide expression analysis is required to delineate parenchymal astrocytes from cells with NSC properties and unravel how reactive astrocytes fit into these comparisons.

Such genome‐wide expression analysis could not only shed some light onto global similarities between these cell types but also help to understand which of these cells are more similar to each other. For example, one may expect that adult NSCs and embryonic NSCs may be most similar given their neurogenic progeny, localization at the ventricle, epithelial hallmarks (for recent review, see: Götz, [2013](#glia22850-bib-0046){ref-type="ref"}; Taverna et al., [2014](#glia22850-bib-0148){ref-type="ref"}), and NSC properties. On the other hand, cells isolated from the adult brain may be globally more similar to each other, and we know that adult NSCs also differ in many aspects from embryonic NSCs/RGCs, such as their speed of proliferation and their junctional properties.

Here, we compare data obtained in the same lab by the same isolation technique. Fluorescence‐activated cell sorting (FACS) was used to isolate RGCs from the developing cerebral cortex (dorsal telencephalon) both at mid‐neurogenesis (embryonic day, E, 14) and at the end of neurogenesis (E18) (Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}), as well as adult NSCs and astrocytes from the forebrain (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}). To selectively isolate embryonic or adult NSCs we used a dual marker strategy. Antibodies directed against the apical membrane protein prominin 1 allowed selectively isolating cells by FACS that have an apical membrane domain at the ventricle where prominin 1 is enriched. This is the case exclusively for RGCs during embryogenesis, which were in addition labeled by hGFAP‐driven GFP (Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}). As GFP is also inherited to the progeny generated by NSCs the dual labeling is essential to separate NSCs (that are prominin 1+ and hGFAP‐eGFP+) from their progeny, which are only GFP+ (Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}). This screen therefore allowed separating different sets of RGCs based on their hGFAP‐eGFP expression level in combination with prominin 1 from E14 cerebral cortex. RGCs that generate intermediate basal progenitors had higher levels of hGFAP‐eGFP (E14Cortex GFP high in Fig. [2](#glia22850-fig-0002){ref-type="fig"}; E14 RGC CTX in Fig. [3](#glia22850-fig-0003){ref-type="fig"}A), while RGCs that give rise to only few of these amplifying progenitors, but rather self‐renew, had lower levels of GFP (Fig. [2](#glia22850-fig-0002){ref-type="fig"}; Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}). This yielded the identification of key transcriptional regulators of these amplifying progenitors (AP2γ promoting amplifying progenitors and Trnp1 inhibiting it; Pinto et al., [2009](#glia22850-bib-0115){ref-type="ref"}; Stahl et al., [2013](#glia22850-bib-0142){ref-type="ref"}). Notably, these differences no longer exist in E18 cerebral cortex RGCs, when RGCs generate largely glial progeny (Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}; E18 RGC CTX in Fig. [3](#glia22850-fig-0003){ref-type="fig"}A). As most of the adult NSCs located in the adult SEZ are derived from the ventral telencephalon, the GE, we also isolated RGCs from this region at mid‐neurogenesis (E14 RGC GE; Falk, Pinto, Irmler, Götz, unpublished data).

![The lineage heterogeneity of radial glial cells from the cerebral cortex of embryonic day 14 mice. Radial glial cells comprise different sets of progenitors, relating to differences in gene expression and neurogenic capacity. Indirectly neurogenic RGCs generate intermediate basal progenitors and had higher levels of hGFAP‐GFP (hGFAP‐GFP^high^), while RGCs that give rise directly to neurons had lower levels of GFP (hGFAP‐GFP^low^). These subtypes of RGCs can be separated from the cerebral cortex at E14 on the basis of the level of GFAP‐driven GFP and the different modes of neurogenesis from radial glial cells were revealed by live imaging (for review, see Götz, [2013](#glia22850-bib-0046){ref-type="ref"}).](GLIA-63-1452-g002){#glia22850-fig-0002}

![The comparative genome‐wide analysis of different astroglial cell sets from the embryonic and adult mouse forebrain. Genes significantly enriched (more than fivefold) in reactive astrocytes (Reactive AC CTX GM), adult NSCs from the subependymal zone (aNSC SEZ), and RGCs from different stages and regions of the telencephalon (E14 RGC CTX, E18 RGC CTX, and E14 RGC GE) in comparison to protoplasmic astrocytes (AC CTX GM) are plotted as a heat map to illustrate similarity in gene expression between astrocytes sorted from the injured adult mouse cerebral cortex at the peak of their proliferative activity and RGCs/NSCs (the normalized values are plotted on a log~2~ color scale, with blue representing low expression and red representing high expression) (**A**). Thirty‐six candidate genes derived from (A) whose expression differs significantly between cells with stem cell or progenitor phenotype and mature astrocytes (**B**). (**C**) Bars show the significantly enriched GO terms associated with the candidate genes listed in B. AC, astrocyte; CTX, cortex; E, embryonic day; GE, ganglionic eminence; GM, gray matter; NSC, neural stem cell.](GLIA-63-1452-g003){#glia22850-fig-0003}

For isolation of adult NSCs we used the same dual labeling approach with an antibody against the apical membrane protein prominin 1 and hGFAP‐eGFP to detect astroglial/radial glial‐like cells with an apical process extending to the lateral ventricle (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}). This was particularly critical for the adult SEZ, as hGFAP‐eGFP not only persists in the progeny of NSCs but also labels many surrounding astrocytes and prominin 1 is highly expressed by the multiciliated ependymal cells that also line the ventricle and need to be discriminated as prominin1+/hGFAP‐eGFP− (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}; Fischer et al., [2011](#glia22850-bib-0036){ref-type="ref"}). Thus, only the dual labeling allowed comparing the gene expression profile of adult NSCs (quiescent and actively proliferating, for further discrimination of these adult NSC subtypes see Codega et al., [2014](#glia22850-bib-0025){ref-type="ref"}; Mich et al., [2014](#glia22850-bib-0091){ref-type="ref"}) to their ependymal cell neighbors and to parenchymal protoplasmic astrocytes from the same mouse line (hGFAP‐eGFP, Nolte et al., [2001](#glia22850-bib-0105){ref-type="ref"}) isolated from the diencephalon omitting the hypothalamic region (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}). Our main aim of this study was to identify novel molecular regulators of adult neurogenesis---which are the genes highly expressed in adult NSCs and lowest in ependymal cells and parenchymal astrocytes (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}).

For the discussion here it is however very important to highlight another conclusion of this work, namely that none of the *bonafide* astrocyte "markers," not even the new Aldh1l1 (Cahoy et al., [2008](#glia22850-bib-0019){ref-type="ref"}), is specific for protoplasmic astrocytes. Rather all of the alleged astrocyte "markers," including GLAST, GLT‐1, Glutamine synthase, and S100β, are expressed by adult NSCs, ependymal cells, and protoplasmic astrocytes at varying levels (Table [1](#glia22850-tbl-0001){ref-type="table-wrap"}). Accordingly, none of these markers can be used to reliably separate either of these populations. For example, the GLAST^CreERT2^ mouse line labels adult NSCs, as well as most parenchymal astrocytes and many ependymal cells, when induced to activate reporter gene expression (Ninkovic et al., [2007](#glia22850-bib-0101){ref-type="ref"}, [2013](#glia22850-bib-0102){ref-type="ref"}). To promote identification of astrocyte‐specific markers, we also included a list of genes that is highly expressed in diencephalic astrocytes, but low in NSCs and ependymal cells (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}). Interestingly, however, isolating GM astrocytes from other brain regions, such as the cerebral cortex (AC CTX GM in Fig. [3](#glia22850-fig-0003){ref-type="fig"}A; Sirko et al., unpublished data) revealed some profound region‐specific differences between astrocytes from the diencephalon, supporting the recent concept of profound region‐specific differences between astrocytes (Hochstim et al., [2008](#glia22850-bib-0057){ref-type="ref"}; Molofsky et al., [2014](#glia22850-bib-0093){ref-type="ref"}; Tsai et al., [2012](#glia22850-bib-0150){ref-type="ref"}) also at the genome‐wide expression level. This raises the interesting concept that we may search in vain for a pan‐astrocyte marker, delineating these cells from NSCs. Either there are broad commonly expressed genes, but then they include gray and white matter astrocytes as well as NSCs, or there are too many differences between subsets of astrocytes to discover "markers" applicable for all of them. At least for forebrain astrocytes, however, now gene lists can be assembled comprising genes highly expressed in astrocytes isolated from the murine diencephalon and cerebral cortex by our lab (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}; Sirko et al., unpublished) and the Barres lab (Cahoy et al., [2008](#glia22850-bib-0019){ref-type="ref"}; Zamanian et al., [2012](#glia22850-bib-0161){ref-type="ref"}) and low in adult NSCs, ependymal cells, neurons, oligodendrocytes, NG2‐glia, and in embryonic RGCs. To which extent these mRNA profiles prove to be useful at protein levels as new marker proteins and to which extent it is possible to find astrocytes, but not NSCs, across different regions expressing a gene in common remains to be seen.

Finally, there are several sets of genome‐wide expression data now for astrocytes sorted from the postnatal or adult mouse cerebral cortex without and with injury (Orre et al., [2014](#glia22850-bib-0108){ref-type="ref"}; Zamanian et al., [2012](#glia22850-bib-0161){ref-type="ref"}). As we used the same procedure (FACS sorting, two‐cycle RNA amplification) and same arrays (Affymetrix MOE430 2.0), we compare here our data on genome‐wide expression analysis of protoplasmic and reactive astrocytes at 5 days after stab wound injury and aNSCs (Fig. [3](#glia22850-fig-0003){ref-type="fig"}). In addition, data from RGCs (Pinto et al., [2008](#glia22850-bib-0116){ref-type="ref"}) generated on the same array type were included in the analysis. To at least partially correct for differences due to varying RNA amplification methods used for embryonic and adult samples an additional array dataset generated from the same sample by the two amplification methods was used. Thus, these data can serve as a basis for discussion, which is what we do in this review.

Neural Stem Cell Similarities and Differences {#glia22850-sec-0012}
=============================================

Although all these genome‐wide expression data are from the same lab and the same arrays, batch effects may introduce artificial differences. Therefore, we focus here on similarities across all the different batches, and in particular, on the similarities in gene expression between embryonic NSCs, the RGCs, adult NSCs, and reactive astrocytes. Analysis of the genes expressed commonly higher in the reactive astrocytes and embryonic and adult NSCs compared with the mature cerebral cortex astrocytes (Fig. [3](#glia22850-fig-0003){ref-type="fig"}A) revealed many genes involved in regulating proliferation, which discriminates the NSCs and a subpopulation of reactive astrocytes from parenchymal protoplasmic astrocytes (Fig. [3](#glia22850-fig-0003){ref-type="fig"}B). Also typical reactive astrocyte genes, like vimentin, are higher in all NSCs and reactive astrocytes (Table [2](#glia22850-tbl-0002){ref-type="table-wrap"}). Interestingly, among the significantly enriched gene ontology terms in embryonic and adult NSCs and reactive astrocytes, but low in protoplasmic astrocytes some are related to neurogenesis, stem cell differentiation, or NEC differentiation (Fig. [3](#glia22850-fig-0003){ref-type="fig"}C). Indeed, some genes related to neurogenesis become re‐expressed in reactive astrocytes, such as the top gene *CD24*, *Sox4*, and *Sox11* (Ninkovic et al., [2013](#glia22850-bib-0102){ref-type="ref"}), and *Ptbp2* (Fig. [3](#glia22850-fig-0003){ref-type="fig"}B). Interestingly, however, the heatmap also reveals that these genes are expressed at much lower levels in the reactive astrocytes compared with embryonic or adult NSCs (Fig. [3](#glia22850-fig-0003){ref-type="fig"}A), even though still significantly higher than in protoplasmic adult cerebral cortex astrocytes (Fig. [3](#glia22850-fig-0003){ref-type="fig"}A). Taken together, this analysis reveals a significant set of commonly activated genes between endogenous NSCs and reactive astrocytes including those related to neurogenesis (Fig. [3](#glia22850-fig-0003){ref-type="fig"}).

This genome‐wide expression analysis can now serve as a starting point to rather focus on the neurogenesis genes that are not sufficiently activated in reactive astrocytes in comparison to endogenous NSCs. In this regard, it is also obvious that much of the neurogenic priming, i.e., elevated mRNA levels of neurogenic transcription factors, such as Pax6, Arx, and Dlx2, in endogenous NSCs (Beckervordersandforth et al., [2010](#glia22850-bib-0009){ref-type="ref"}) is missing in reactive astrocytes (with the exception of Sox4 and Sox11), consistent with their limited neurogenic capacity. However, reactive astrocytes that proliferate and have stem cell capacity are a subset ranging from about 20% that proliferate and maximally 5% that can form neurospheres. Thus, expression of NSC genes may be simply diluted by other reactive astrocytes. This brings us to the next level of analysis, namely aimed at subsets of astrocytes with specific properties. Indeed, astrocytes at juxtavascular positions, the population that is most proliferative after injury (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}) is a subset with their own progenitors as recently demonstrated by clonal analysis (Martín‐López et al., [2013](#glia22850-bib-0084){ref-type="ref"}). This suggests that juxtavascular astrocytes may be a specific population of cerebral cortex astrocytes and isolation of this subset may then reveal to which extent these share even more similarities to the SEZ NSCs or rather are their own kind.

Concluding Remarks {#glia22850-sec-0013}
==================

Thus, although the population analysis of NSCs isolated from the embryonic and adult telencephalon in comparison to protoplasmic astrocytes from the forebrain has provided us with key insights into molecular mechanisms regulating their distinct fates and highlighting the limitation of the present marker proteins as well as the genome‐wide expression differences, the next challenge is understanding the cellular heterogeneity. This will not only provide insights into heterogeneity of endogenous NSCs and teach us important lessons about their diversity but also reveal to which extent "common" hallmarks may exist at all. Similarly, single‐cell analysis (within their own technical limitations) of astrocytes will allow us determining their subtype identity and possibly predicting why some subtypes do not react even to a strong injury while others react by polarization and yet others by proliferation (Bardehle et al., [2013](#glia22850-bib-0005){ref-type="ref"}; Dimou and Götz, [2014](#glia22850-bib-0031){ref-type="ref"}). As ever, genome‐wide expression analysis is best used to understand functional differences and then tackle these at the functional level to elicit the desired phenotype, e.g., neurogenesis in case of brain injury.
